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OBJECTIVE— Class Ha histone deacetylases (HDACs) belong 
to a large family of enzymes involved in protein deacetylation 
and play a role in regulating gene expression and cell differen- 
tiation. Previously, we showed that HDAC inhibitors modify the 
timing and determination of pancreatic cell fate. The aim of this 
study was to determine the role of class Ha HDACs in pancreas 
development. 

RESEARCH DESIGN AND METHODS— We took a genetic 
approach and analyzed the pancreatic phenotype of mice lacking 
HDAC4, -5, and -9. We also developed a novel method of lentiviral 
infection of pancreatic explants and performed gain-of-function 
experiments. 

RESULTS— We show that class Ha HDAC4, -5, and -9 have an 
unexpected restricted expression in the endocrine (3- and 8-cells 
of the pancreas. Analyses of the pancreas of class Ha HDAC 
mutant mice revealed an increased pool of insulin-producing 
P-cells in Hdac5~'~ and Hdac9~'~ mice and an increased pool 
of somatostatin-producing 8-cells in Hdac4~ f ~ and Hdac5~'~ 
mice. Conversely, HDAC4 and HDAC 5 overexpression showed 
a decreased pool of insulin-producing (3-cells and somatostatin- 
producing 8-cells. Finally, treatment of pancreatic explants with 
the selective class Ha HDAC inhibitor MC1568 enhances expres- 
sion of Pax4, a key factor required for proper (3-and 8-cell differ- 
entiation and amplifies endocrine |3- and 8-cells. 

CONCLUSIONS— We conclude that HDAC4, -5, and -9 are key 
regulators to control the pancreatic p/8-cell lineage. These results 
highlight the epigenetic mechanisms underlying the regulation of 
endocrine cell development and suggest new strategies for (3-cell 
differentiation-based therapies. Diabetes 60:2861-2871, 2011 
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The mature mammalian pancreas is a gland com- 
posed mainly of acinar cells, which belong to the 
exocrine pancreas and secrete digestive enzymes 
into the intestine, and the islets of Langerhans, 
which produce hormones that underlie the endocrine 
functions of the pancreas. Endocrine islets consist of four 
different cell types that produce hormones ((3-cells [rep- 
resenting 80% of the islet cells in rodents], a-cells, 8-cells, 
and pancreatic polypeptide cells) and regulate blood glu- 
cose homeostasis. 

During embryogenesis, the pancreas originates from the 
dorsal and ventral regions of the foregut endoderm, which 
expresses the homeodomain transcription factor pancre- 
atic and duodenal homeobox 1 (PDX1) (1). The endocrine 
differentiation program is initiated with expression of the 
transcription factor neurogenin 3 (NGN3) (2). Subsequent 
expression of additional transcription factors, such as 
NEUROD1, IA1, NKX6.1, NKX2.2, MAFA, ARX, and PAX4, 
determine the specific endocrine cell fate (3). PAX4 and 
ARX exert opposing effects on endocrine cell differentiation. 
PAX4 is required for (3/8-cell differentiation, and ARX is in- 
volved in a-cell differentiation (4,5). In mice, a major peak of 
mature insulin- and glucagon-expressing cells occurs around 
embryonic day 14 (E14), and somatostatin-expressing cells 
differentiate around E15 and pancreatic polypeptide cells 
around E18. Then, endocrine cells aggregate and form well- 
organized islets of Langerhans (6). Defining how pancreatic 
development is regulated and the signals that enhance (3-cells 
remains a challenge. 

Gene transcription is modulated by acetylation and 
deacetylation of histones. Acetylation of lysine residues of 
histones by histone acetyltransferases serves to neutralize 
the positive charge of histones, relaxing chromatin structure 
and promoting transcription. Deacetylation by histone 
deacetylases (HDACs) enables chromatin to compact caus- 
ing transcription repression. Of note, recent evidence indi- 
cates that HDACs also regulate several biological processes 
by targeting nonhistone proteins (7). HDACs belong to three 
classes on the basis of their phylogenetic conservation: class 
I includes HDAC1-3 and -8; class II includes HDAC4-7, -9, 
and -10; and class IV includes HDAC11. Class II HDACs are 
further divided into the subclass Ha (HDAC4, -5, -7, and -9) 
and subclass lib (HDAC6 and -10) (8). In contrast to other 
HDACs, class Ha HDACs show restricted expression pat- 
terns. For example, HDAC5 and -9 are enriched in skeletal 
muscle, heart, and brain (9,10). Class Ha HDACs mediate 
multiple biological processes by interactions with various 
transcription factors, including myocyte enhancer factor 
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FIG. 1. HDAC4 is highly enriched in endocrine cells at a high level in 8-cells and at a low level in 0-cells. A: qPCR analysis of Hdac4 mRNA 
expression in embryonic pancreas, adult islets, and adult exocrine tissue. B-D: Immunohistological analysis of HDAC4 (green) in E15.5 and adult 
pancreata. B: 0-Cells were detected with insulin (INS) staining (red), and cells coexpressing HDAC4 and insulin (orange) are shown in the merge. 
C: 8-Cells were detected with somatostatin (SST) staining (red), and cells coexpressing HDAC4 and somatostatin (yellow) are shown in the merge. 
D: ct-Cells were detected with glucagon (GLU) staining (red). No cells coexpressing HDAC4 and glucagon were observed in the merge. Nuclei were 
stained with Hoechst stain (blue). Scale bar, 50 |uim. Endocrine islets are circled. A higher magnification of selected cells is shown in the insets. 
(A high-quality digital representation of this figure is available in the online issue.) 



(MEF)-2 (7,11). Moreover, class Ha HDACs undergo nucleo- 
cytoplasmic shuttle in response to extracellular signals such 
as phosphorylation by calcium/calmodulin-dependent pro- 
tein kinase (7). The phenotype of HDAC mutant mice 



revealed that HDACs play specific roles during embryo- 
genesis and postnatal life (12). 

HDAC inhibitors are powerful tools to modulate cell dif- 
ferentiation programs in a broad range of cell types (13). We 




FIG. 2. HDAC5 is highly enriched in fi- and 8-cells. A: qPCR analysis of Hdac5 mRNA expression in embryonic pancreas, adult islets, and adult 
exocrine tissue. B-D: Immunohistological analysis of HDAC5 (brown) in E15.5 and adult pancreas. B: fi-Cells were detected with insulin (INS) 
staining (red) and PDX1 staining (green) was used to detect pancreatic epithelium (PDXl low ) and 0-cells (PDXl high ). Some 0-cell PDXl high 7insulin + 
expressing HDAC5 are framed. C: 0- and ct-cells were detected using insulin (red) and glucagon (GLU) (green) staining, respectively. Some 0-cell 
insulin + /HDAC5 + and some a-cell glucagon + /HDAC5~ are framed. D: 8-Cells were detected with somatostatin (SST) staining (green), and the arrow 
shows a 8-cell somatostatin7HDAC5 + . Nuclei were stained with Hoechst stain (blue). Scale bar, 50 jjum (2? and C) and 10 |uim (Z>). (A high-quality 
digital representation of this figure is available in the online issue.) 
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FIG. 3. HDAC9 is highly enriched in (5-cells. A: qPCR analysis of Hdac9 mRNA expression in embryonic pancreas, adult islets, and adult exocrine 
tissue. B-D: Immunohistological analysis of HDAC9 (green) in E15.5 and P7 pancreata. B: 0-Cells were detected with insulin (INS) staining (red), 
and cells coexpressing HDAC9 and insulin (yellow) are shown in the merge. C: 8-Cells were detected with somatostatin (SST) staining (red). No 
cells coexpressing HDAC9 (green) and somatostatin (red) are observed in the merge. D: a-Cells were detected with glucagon (GLU) staining 
(red). No cells coexpressing HDAC9 (green) and glucagon (red) are observed in the merge. Nuclei were stained with Hoechst stain (blue). Scale 
bar, 50 [xm. Endocrine islets are circled. A higher magnification of selected cells is shown in the insets. (A high-quality digital representation of this 
figure is available in the online issue.) 



previously compared the effects of different HDAC inhib- 
itors that either preferentially inhibit class I HDACs or in- 
hibit both class I and class II HDACs. We showed that 
treatment with different HDAC inhibitors modified the 
timing and determination of pancreatic cell fate and pro- 
posed distinct roles for class I and class II HDACs in 
pancreatic differentiation, with a specific role of class II 
HDACs in endocrine cell subtype development (14). 

In the current study, we investigated the role of class Ha 
HDACs in pancreatic cell differentiation. We found that class 
Ha HDACs display a restricted expression pattern in the 
pancreas, with HDAC4, -5, and -9 specifically expressed in (3- 
and/or 8-cells. Analysis of mutant mice revealed increased 
8-cell mass in the pancreas of Hdac4 f and Hdxic5~ l ~ mice 
and increased (3-cell mass in the pancreas of H(kw5~'~ and 
Hdac9~'~ mice. Overexpression of HDAC4 or HDAC5 in the 
pancreas caused a decrease in (3- and 8-cells, further sup- 
porting the role of class Ha HDACs in the control of the 
p/8-cell lineage. We also found that MEF2A and MEF2D, 
which form complexes with class Ha HDACs (11), are 
expressed in the fetal pancreas. Treatment of pancreatic 
explants with a selective class Ha HDAC inhibitor, MCI 568, 
which modulates the stability of class Ha HDAC-MEF2 
complexes (15), amplified the pool of (3- and 8-cells. Our 
data demonstrate the major role of HDAC4, -5, and -9 in the 
control of the (3/8-cell development. These results provide 
new insight into the mechanisms that control pancreatic 
endocrine cell development and the number of p-cells. 

RESEARCH DESIGN AND METHODS 

Pregnant Wistar rats were purchased from CERJ (Le Genest, France). Hdac4, 
Hdac5, and Hdac9 mutant mice were described previously (9,10,16). The first 
day postcoitum was designated embryonic day 0.5 (E0.5). Pregnant rats and 



mice were killed by C0 2 asphyxiation, and postnatal day 1 (PI) and P7 pups 
were killed by C0 2 asphyxiation followed by decapitation, in compliance with 
the guidelines of the French Animal Care Committee. Dorsal pancreatic buds 
from E13.5 rat embryos were dissected, as described previously (17). 
Organ culture and treatment with MC1568. E13.5 rat dorsal pancreatic 
buds were laid on 0.45-|xm filters (Millipore, Billerica, MA) at the air-medium 
interface in Petri dishes containing culture medium as previously described 
(14). MC1568 (from A.M.) was used at 10 jxmol/L. 

Lentiviral vector construction and production. The backbone of the len- 
tiviral construct, pTRIP AU3, was previously described (18). New lentiviral 
vectors were generated through Gateway (Invitrogen, Carlsbad, CA) in vitro 
recombination using HDAC4 and HDAC5 entry clones (pENTR) and the pTRIP 
AU3 cytomegalovirus (CMV)-Gateway destination vector (19). The 3,660-bp 
fragment containing the HDAC4 coding sequence was obtained by Hindlll and 
EcoRl restriction from the commercial plasmid pYX-Asc-HDAC4 (Invitrogen) 
and subcloned into pENTR polylinker to generate the HDAC4 entry clone. The 
HDAC5-myc fusion was amplified by PCR from the commercial vector using 
the following primers: HDAC5 sense 5' caccatgaactctcccaacgagtc 3' and 
HDAC5-myc stop antisense 5' ttacagatcctcttctgagatgagtttc 3'. The resulting 
3,342-pb PCR fragment was cloned into the pENTR/D Topo vector (Invitrogen) 
to generate an HDAC5-myc entry clone. Both cDNAs were cloned into the 
pTRIP AU3 CMV-Gateway destination vector by LR Clonase II recombination 
according to the manufacturer's recommendations (Invitrogen) to generate 
pTRIP AU3 CMV-HDAC4 and pTRIP AU3 CMV-HDAC5 lentiviral vectors. 
pTRIP AU3 CMV-green fluorescent protein (GFP) vector was described pre- 
viously (20). Lentiviral vector stocks were produced as previously described 
(21). The amount of p24 capsid protein was quantified by the HIV-1 p24 ELISA 
antigen assay (Beckman Coulter, Villepinte, France). All infections were 
normalized relative to p24 capsid protein quantification. 
Lentiviral infection of E13.5 rat pancreata. E13.5 pancreata were in- 
cubated for 15 min at 37°C with collagenase IV (250 units/mL; Worthington, 
Lakewood, NJ) and mechanically dispersed through 23-G and 25-G needles to 
obtain a single cell suspension. Lentivirus (1 |xL) was preincubated in 10 |xL 
culture medium supplemented with diethylaminoethyl-dextran (20 fxg/mL) for 
15 min at 37°C and added to 100,000 dispersed pancreatic cells in 10 jxL culture 
medium. Cells were cultured overnight in hanging drops to form pancreatic 
spheres that were next laid on 0.45-|jim filters (Millipore) and grown for 6 days 
on a filter at the air/medium interface in Petri dishes containing culture medium. 
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FIG. 4. HDAC4 loss-of-function enhances 8-cell mass, whereas HDAC4 gain-of-function represses (5- and 8-cell mass. A: Immunohistological analyses 
of wild-type and HdacU~'~ pancreas at PI. 0-Cells and 8-cells were detected with insulin (INS) (brown, left panels} and somatostatin (SST) (brown, 
right panels} stainings. B: Morphometric analysis of 0- and 8-cell surfaces by quantification of areas occupied by insulin- and somatostatin-positive 
cells. 0-Cell and 8-cell surfaces were normalized to wild-type (WT) values (100%). Data are shown as means ± SEM. Four pancreata were analyzed 
for each genotype. C: qPCR analysis of Hdac4, insulin, somatostatin, glucagon, and amylase mRNA expression in pancreatic spheres transduced with 
CMV-GFP or CMV-HDAC4 lentivirus, followed by a 7-day culture period. D: qPCR analysis of NeuroDl, Pdbcl, MafA, Nkx2.2, Znt8, and lal mRNA 
expression in pancreatic spheres transduced with CMV-GFP or CMV-HDAC4 lentivirus, followed by a 7-day culture period. E: Immunohistological 
analyses of pancreatic spheres transduced with a lentivirus expressing enhanced GFP or HDAC4 followed by a 7-day culture period. 0-Cells and 
8-cells were detected with insulin (red) and antibody somatostatin (green) stainings. Nuclei were stained with Hoechst stain (blue). The absolute 
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Immunohistochemistry. Pancreata were immersed in 10% formalin and em- 
bedded in paraffin. Sections (4 (xm thick) were processed for immunohisto- 
chemistry using a previously described protocol (17,22). Primary antibodies 
were used at the following dilutions: mouse anti-insulin (1:2,000; Sigma-Aldrich, 
St. Louis, MO), mouse antiglucagon (1:2,000; Sigma-Aldrich), rabbit antiglucagon 
(1:1,000; Euromedex, Souffelweyerrsheim, France), mouse antisomatostatin 
(1:500; SOM018 (3-Cell Biology Consortium), rabbit antisomatostatin (1:500; 
Dako, Glostrup, Denmark), rabbit anti-amylase (1:300; Sigma-Aldrich), rabbit 
anti-PDXl (1:1,000 [22]), rabbit anti-HDAC4 (1:250; Abeam, Cambridge, U.K.), 
rabbit anti-HDAC5 (1:100; Cell Signaling, Beverly, MA), rabbit anti-HDAC9 
(1:100; Abgent), mouse anti-Ki67 (1:20; BD Pharmingen, San Diego, CA), and 
mouse anti-smooth muscle actin (SMA) (1:1,000; Sigma-Aldrich). MEF2A im- 
munohistochemistry was performed using Tyramide Signal Amplification (TSA) 
according to the manufacturer's protocol (Cyanine5 TSA kit; Perkin Elmer, 
Waltham, MA), with rabbit anti-MEF2A (1:1,000; Santa Cruz Biotechnology, 
Santa Cruz, CA). Secondary antibodies were used at the following dilutions: anti- 
rabbit/mouse fluorescein (1:200; Jackson Immunoresearch, West Grove, PA), 
anti-rabbit/mouse Texas red (1:200; Jackson Immunoresearch), anti-rabbit/ 
mouse biotinylated conjugated (1:200; Vector Laboratories, Burlingame,CA), 
and anti-rabbit/mouse horseradish peroxidase conjugated (1:200; Vector Labo- 
ratories). For fluorescent immunohistochemistry, the nuclei were stained 
using the Hoechst 33342 fluorescent stain (0.3 fxg/mL; Invitrogen). For col- 
orimetric immunohistochemistry, revelations were performed using 3-3' 
diaminobenzidine-tetrahydrochloride substrate. 

Quantification and morphometric analysis. Pancreata at E18.5, PI, and P7 
were embedded in paraffin and entirely sectioned (4 fxm thick). For each staining, 
eight sections (separated by at least 150 jxm) were selected at regular intervals to 
cover the whole pancreas. Sections were processed for insulin, somatostatin, or 
glucagon immunohistochemistry with a 3-3' diaminobenzidine-tetrahydrochloride 
substrate and lightly counterstained with hematoxylin. The surfaces of insulin, 
somatostatin, and glucagon stainings as well as the total surface of the pancreatic 
tissue were measured on each section. These surfaces were determined by 
computer-assisted measurements using a DMRB microscope and a color video 
camera coupled to Q500IW software (Leica, Weitzlar, Germany), as previously 
described (23). The percentage of a-, p-, or 8-cell fraction was calculated as the 
ratio of the sum of the glucagon-, insulin-, or somatostatin-positive cell areas to 
the sum of the total pancreatic tissue area, respectively. For cultured fetal pan- 
creata, surface quantification was performed as previously described (14). The 
results are expressed as means ± SEM. Statistical significance was determined 
using the Student t test. 

RNA extraction and real-time PCR. Total RNA extraction and real-time PCR 
was performed as previously described (14). The oligonucleotide sequences 
are available upon request. Cyclophilin A was used as an internal reference 
control. Data are presented as the fold-change in gene expression. The results 
are expressed as means ± SEM, and statistical significance was determined 
using a Student t test. 



RESULTS 

Selective expression of HDAC4, -5, and -9 in endocrine 
P- and 8-cells. During mouse pancreas development at 
E15.5 and in the adult pancreas, immunohistochemistry 
showed that nuclear HDAC1 (Supplementary Fig. 1) and 
HDAC2 (data not shown) were detected in all pancreatic 
cell types, consistent with reports of ubiquitous expression 
of class I HDACs in many tissues (24). By contrast, class Ha 
HDAC expression was cell type specific. At E15.5, Hdac4, 
Hdac5, and Hdac9 were expressed in the developing pan- 
creas, as determined by quantitative PCR (qPCR) (Figs. 1A, 
2A, and 3A). In adult pancreas, Hdac4, Hdac5, and Hdac9 
expression was restricted to endocrine islets and was not 
detected in exocrine tissue (Figs. L4, 2A, and 3A). Purity of 
endocrine versus exocrine fractions was validated by in- 
sulin and amylase mRNA expression, respectively (Supple- 
mentary Fig. 2). To determine which endocrine cell type 
expresses class Ha HDACs, we performed immunohisto- 
chemistry and showed that HDAC4 was detected at El 5. 5 
and E18.5 in insulin-positive cells (Fig. IB and data not 



shown). At P7 and in the adult pancreas, we observed two 
different expression levels of HDAC4. Low expression of 
HDAC4 was seen in cells stained positive for insulin (Fig. IB 
and data not shown), whereas greater expression of HDAC4 
was observed in cells expressing somatostatin (Fig. 1(7). 
HDAC5 was specifically detected in (3-cells at E15.5 and 
E18.5 (Fig. 2B and data not shown). At P7 and in the adult 
pancreas, HDAC5 was detected in both insulin-expressing 
cells and in somatostatin-expressing cells (Fig. 2C and D 
and data not shown). As was seen with HDAC5 expression, 
HDAC9 was selectively detected in insulin-positive cells at 
E15.5, E18.5, and P7 and in the adult pancreas (Fig. 3B and 
data not shown). In contrast, HDAC9 was not detected in 
somatostatin-expressing cells (Fig. 3(7). Strikingly, we found 
no expression of HDAC4, -5, and -9 in glucagon-expressing 
cells or in the acinar pancreatic tissue (Figs. ID, 2B and C, 
and 3D). Thus, HDAC4 is highly enriched in 8-cells and at a 
low level in (3-cells, HDAC5 expression is highly enriched in 
(3- and 8-cells, and HDAC9 is highly enriched in (3-cells. Fi- 
nally, immunohistochemical analysis showed that the fourth 
member of the class Ha HDACs (HDAC7) was expressed in 
vascular endothelial cells and absent from endocrine cells 
(Supplementary Fig. 3). Altogether, these results reveal spe- 
cific expression of three class Ha HDACs (HDAC4, -5, and -9) 
in pancreatic endocrine (3- and 8-cells. 
HDAC4 inhibits P- and 8-cell development. HDAC4 is 
specifically expressed in chondrocytes, skeletal muscle, 
heart, brain, and retina (25-27) and plays a central role in 
the formation of the skeleton (16). As Hdac4~ / ~ mice die 
by P7 because of bone abnormalities (16), we assessed the 
pancreas of Hdac4~ / ~ mice at PI. No difference was 
detected in pancreatic weight between Hdac4~ / ~ and wild- 
type mice (data not shown). Quantification of insulin 
staining indicated that p-cell mass of Hdac4~ / ~ and wild- 
type mice was similar (Fig. 4A and B\ as was the case for 
the a-cell mass quantified by glucagon staining (data not 
shown). Quantification of somatostatin staining indicated 
that 8-cell mass was 1.46 ± 0.09 higher in Hdac4~ / ~ mice 
than in wild-type mice (Fig. 4A and B). 

To further investigate the role of HDAC4 in (3- and 8-cell 
development, we overexpressed HDAC4 in E13.5 pancreas 
by using a novel lentivirus-mediated gene transfer method 
we developed (Supplementary Fig. 4). Cells were dissoci- 
ated from E13.5 rat pancreas, transduced by lentivirus- 
mediated gene transfer, cultured overnight in hanging 
drops to form pancreatic spheres, and then transferred on 
a filter at the air/medium interface and cultured for 6 days. 
Acinar and endocrine cells developed as previously shown 
for undissociated pancreatic explants (28). Infection of 
pancreatic spheres with recombinant lentivirus was efficient 
with >70% of GFP-positive cells after infection with a CMV- 
GFP lentiviral vector (Supplementary Fig. 4). In spheres 
infected with a lentiviral vector expressing HDAC4 (CMV- 
Hdac4), we observed by qPCR a fourfold increase in Hdac4 
expression (Fig. 4(7). This result was associated with 
a 31.4 ± 8.3% decrease in insulin expression and a 54.7 ± 
5.5% decrease in somatostatin expression (Fig. 4(7). In- 
terestingly, the expression of NeuroDl, Pdxl, MafA, Nkx2.2, 
Znt8, and Ial, which are required for proper (3-cell differ- 
entiation or function, was significantly lower in spheres 
overexpressing HDAC4 (Fig. 4D). In contrast, we did not 
observe any change in glucagon or amylase expression, 



areas that were occupied by the insulin- and somatostatin-positive cells were quantified. 0- and 8-Cell areas are presented as a percentage of the 
total tissue area. qPCR data and immunohistological analyses are the means ± SEM of five and six independent experiments, respectively. *P < 0.05; 
**P < 0.005; ***P < 0.001. Scale bar, 100 jjim (A) and 50 |uim (i?). (A high-quality digital representation of this figure is available in the online issue.) 
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FIG. 5. HDAC5 loss-of-function enhances 0- and 8-cell mass. A: Immunohistological analyses of wild-type and Hdac5 pancreas at E18.5 and P7. 
On the left panel, 0-cells were detected with insulin (INS) staining (brown) at E18.5. On the middle panel, 0-cells were detected with insulin 
staining (brown) at P7. On the right panel, 8-cells were detected with somatostatin (SST) staining (brown) at P7. B: Morphometric analysis of 
0- and 8-cell surfaces by quantification of areas occupied by insulin- and somatostatin-positive cells. 0-Cell surface is shown at E18.5 on the left 
panel and at P7 on the middle panel. 8-Cell surface is shown at P7 on the right panel. 0-Cell and 8-cell surfaces were normalized to wild-type 
(WT) values (100%). Data are shown as means ± SEM from at least three pancreata per genotype. At E18.5, we analyzed three WT and five 
Hdac5~'~ pancreata. At P7, we analyzed four pancreata of each genotype. *P < 0.05; **P < 0.005; ***P < 0.001. Scale bar, 100 jjim. (A high-quality 
digital representation of this figure is available in the online issue.) 



markers of differentiated endocrine a-cells and acinar cells, 
respectively (Fig. 4(7). Finally, immunohistochemical anal- 
ysis confirmed a decrease in both (3-cells (a 44.5 ± 10.1% 
decrease) and 8-cells (a 57.9 ± 5.2% decrease) in spheres 
overexpressing HDAC4 (Fig. 4E). Taken together, these 
results demonstrate that HDAC4 is involved in the control of 
|3- and 8-cell development. 

HDAC5 inhibits P- and 8-cell development. HDAC5 is 
expressed in skeletal muscle, heart, and brain (11,29), and 
mice lacking Hdac5 are hypersensitive to cardiac stress 
(10). Because we found HDAC5 expression in (3- and 8-cells, 
we examined the pancreas of Hdac5~'~ mice during em- 
bryogenesis (E18.5) and after birth (P7) to determine if 
HDAC5 plays a role in the differentiation of these endocrine 
cell types. Body weight and pancreatic weight did not differ 
between E.da£5~ / ~ and wild-type mice (data not shown). 
Quantification of insulin staining indicated that, at E18.5 
and P7, p-cell mass was 2.91 ± 0.148 and 1.56 ± 0.092 higher 
in Hdacd ^ mice than in wild-type mice (Fig. 5A and E). 
At E18.5, p-cell proliferation measured by Ki67 immu- 
nostaining did not differ between Hdac5~'~ and wild-type 
pancreata (Supplementary Fig. 5C). Quantification of 
somatostatin staining at P7 revealed a 1.32 ± 0.85-fold 
increase in 8-cell mass in the pancreas of Hdac5~ f ~ mice 
(Fig. §A and E). No change in a-cell mass was observed 
(Supplementary Fig. 5A and E). Thus, mice lacking HDAC5 
in the pancreas have enhanced (3- and 8-cell mass. 



To further investigate the role of HDAC5 in (3- and 8-cell 
development, we used lentivirus-mediated gene transfer to 
overexpress HDAC5 in E13.5 pancreas. In spheres infected 
with a lentiviral vector expressing HDAC5 (CMV-Hdac5), we 
observed by qPCR a 10-fold increase in Hdac5 expression 
(Fig. 6A). This result was associated with a 21.2 ± 1.9% de- 
crease in insulin expression and a 42.5 ± 12.9% decrease in 
somatostatin expression (Fig. 6A). Interestingly, the expres- 
sion of NeuroDl, Pdxl, Nkx2.2, MafA, Znt8, and Ial was 
significantly lower in spheres overexpressing HDAC5 
(Fig. 6E). In contrast, we did not observe any change in 
glucagon or amylase expression (Fig. 6A). Finally, immuno- 
histochemical analysis confirmed a decrease in both p-cells 
(a 28.9 ± 11% decrease) and 8-cells (a 61.3 ± 6.9% decrease) 
in spheres overexpressing HDAC5 (Fig. 6(7), whereas no 
change in a-cells was observed (data not shown). Taken 
together, these results demonstrate that HDAC5 is involved 
in the control of |3- and 8-cell development. 
HDAC9 inhibits P-cell development. HDAC9 is expressed 
in skeletal muscle, heart, brain, lymphocytes, and eryth- 
rocytes (25,29-31), and mice lacking Hdac9 are hypersensi- 
tive to cardiac stress (9). There was no difference detected in 
the body weight or pancreatic weight between HdacQ ^ 
and wild-type mice (data not shown). We examined insulin- 
positive cells in HdacQ ^ mice, since we detected HDAC9 
only in (3-cells. We observed that at E18.5 and P7, p-cell mass 
was 1.38 ± 0.08 higher in HdacQ'^ mice than in wild-type 
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FIG. 6. HDAC5 gain-of-function represses 0- and 8-cell mass. A: qPCR analysis of Hdac5, insulin, somatostatin, glucagon, and amylase mRNAs 
expression in pancreatic spheres transduced with CMV-GFP or CMV-HDAC4 lentivirus, followed by a 7-day culture period. B: qPCR analysis of 
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means ± SEM of three and four independent experiments, respectively. *P < 0.05; **P < 0.005; ***P < 0.001. Scale bar, 50 |mm. (A high-quality 
digital representation of this figure is available in the online issue.) 



mice (Fig. 7 A and E). At E18.5, (3-cell proliferation measured 
by Ki67 immunostaining did not differ between Hda£9~'~ 
and wild-type pancreata (Supplementary Fig. 6(7). No change 
in a-cell mass was observed (Supplementary Fig. 6A and E). 
Thus, deletion of HDAC9 in the pancreas enhances (3-cell 
mass. 

MCI 5 68, a class Ha HDAC inhibitor, enhances P- and 
8-cell development. To further investigate how the class 
Ha HDACs control (3- and 8-cell development, we assessed 
expression of MEF2 transcription factors, which associate 

diabetes.diabetesjournals.org 



with class Ha HDACs in cardiac muscle development, 
skeletal muscle differentiation, and T-cell apoptosis (7). We 
analyzed Mef2A, Mef2C, and Mef2D expression in the em- 
bryonic pancreas. Whereas Mef2C mRNA was detected at 
a low level (data not shown), Mef2A and Mef2D mRNAs, 
which are expressed at high levels in embryonic heart and 
skeletal muscle (32), were detected in El 5. 5 and El 8. 5 
pancreata at levels similar to those observed in E18.5 heart 
and skeletal muscle (Fig. 8A and Supplementary Fig. 7A). 
Immunohistochemistry showed the expression of MEF2A in 
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the pancreas at E18.5. MEF2A was expressed in endocrine 
cells and smooth muscle cells and not in acinar cells (Fig. 
SB and Supplementary Fig. 1B-E). 

We next cultured E13.5 rat pancreata for up to 14 days 
under conditions that allowed endocrine and acinar 
cell development (14,28) and treated the explants with 
MCI 568, a class II HDAC inhibitor that modulates the sta- 
bility and activity of class Ha HDAC-MEF2 complexes, by 
inhibiting HDAC activity and blocking MEF2-mediated 
transactivation (15). Treatment of pancreas explants with 
MCI 568 did not modify pancreatic shape or growth (Sup- 
plementary Fig. 8A). However, MC1568 enhanced ex- 
pression of Pax4, which is involved in (3/8-cell fate (4) 
(a threefold increase at days 5 and 9; Fig. 8(7). Induction of 
Pax4 expression was associated with a dramatic increase 
in both insulin (a twofold increase at day 7 and a 2.5-fold 
increase at day 14; Fig. SD) and somatostatin mRNA 
(a fourfold increase at day 7 and a sixfold increase at day 
14; Fig. SH). Immunohistochemistry further supported such 
increases with a 2-fold increase in (3-cell surface (Fig. SE) 
and 2.3-fold increase in 8-cell surface (Fig. 87) after 14 
days of treatment. Furthermore, the expression of MafA, 
NeuroDl, Pdxl, Znt8, Ial, and Nkx2.2 mRNA was signif- 
icantly induced with MCI 568 treatment (Fig. 8Fand G and 
Supplementary Fig. 8(7). By contrast, MC1568 treatment 



did not efficiently induce pancreatic polypeptide and glu- 
cagon expression (data not shown). Finally, MCI 568 did 
not modify acinar cell development (Supplementary Fig. 
SB). These results demonstrate that MCI 568 treatment 
induces Pax4 expression and enhances the pool of (3- and 
8-cells, indicating a role for class Ha HDACs and MEF2 in 
the repression of the (V8-cell differentiation lineage. 



DISCUSSION 

This work provides evidence that class Ha HDACs, which 
have specific expression patterns in the developing pan- 
creas, control development of insulin-producing p-cells 
and somatostatin-producing endocrine 8-cells. Using loss- 
and gain-of-function approaches, our results highlight the 
epigenetic mechanisms underlying the regulation of en- 
docrine cell development. We also show that a specific 
HDAC inhibitor MCI 568 amplifies endocrine (3- and 8-cells, 
revealing a potential new approach for (3-cell differentiation- 
based therapies for diabetes. 

In this study, we analyzed the pancreatic phenotype 
of Hdac4, Hdac5, and Hdac9 mutant mice. Hdac4~ / ~ and 
Hdac5/9~ / ~ mice were previously described and showed 
chondrocytes and cardiac defects, respectively. No physio- 
logical or metabolic studies were described concerning 
these mutants. Analyses taking in account the global me- 
tabolism of HDAC-deficient animals, including the role of 
muscle and liver, could be the topic of future study. Using 
loss- and gain-of-function approaches, we provide here 
evidence that class Ha HDACs are involved in (3- and 8-cell 
development. Interestingly, two HDACs (HDAC4 and -5) are 
expressed in 8-cells, and both Hdac4~ / ~ and Hdach ^ 
pancreata showed an increased 8-cell mass. In the same 
manner, HDAC5 and -9 are both expressed in (3-cells, and 
Hdac5~ / ~ and Hdac9~ / ~ pancreata showed an increased 
(3-cell mass. Such a cooperative effect of class Ha HDACs 
was previously described. It is for example the case for 
HDAC4 and HDAC5 in skeletal muscle cells (12,29,33) and 
for HDAC5 and HDAC9 in the heart (9,10). 

Pancreatic endocrine cell development depends on both 
cell proliferation and differentiation. The importance of 
cell proliferation in pancreatic endocrine cell development 
is well established, and both embryonic pancreatic pro- 
genitor and adult (3-cell proliferate efficiently in rodents 
(34,35). Here, we demonstrate that pancreatic endocrine 
cell mass is increased in Hdac4, Hdac5, and Hdac9 mutant 
mice without any increase in cell proliferation at E18.5, 
suggesting an effect on cell differentiation. This result fits 
well with the roles of HDAC4, -5, and -9 in chondrocyte 
and cardiomyocyte differentiation (9,10,16). Many animal 
models were recently described with an increased pan- 
creatic endocrine cell mass due to enhanced cell pro- 
liferation (36,37). To the best of our knowledge, class Ha 
HDAC-deficient mice represent the first example of animal 
models with an increased endocrine cell mass likely due to 
increased cell differentiation. Furthermore, we also ana- 
lyzed individual (3-cell size in Hdac5 and Hdac9 mutant 
mice, and we found no difference between mutants and 
wild-type mice (data not shown), indicating that the in- 
creased (3-cell mass was not due to cell hypertrophy. 

In previous work, using class I and pan HDAC inhibitors, 
we found that HDACs play a crucial role in the modulation 
of pancreatic cell fate. We demonstrated that class I HDAC 
inhibitors regulate a specific step in pancreatic endocrine 
cell differentiation, i.e., the development of NGN3-positive 
endocrine progenitor cells from PDXl-positive pancreatic 
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spectively. *P < 0.05; **P < 0.005; ***P < 0.001. Scale bar, 50 |mm. (A high-quality digital representation of this figure is available in the online issue.) 



progenitors (14). We also suggested a specific role of class 
II HDACs during the final steps of endocrine cell differ- 
entiation. However, at that time, the lack of a specific class 
II HDAC inhibitor did not allow further validation of this 



hypothesis. Here, we show that MC1568, a selective class 
Ha HDAC inhibitor, selectively amplifies endocrine (3- and 
8-cells, in correlation with the results obtained in Hdac 
mutant mice. Thus, our in vivo results were reproduced in 
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vitro, implying that these findings represent direct effects 
on pancreatic cells. 

Interestingly, MCI 568 acts, at least in part, by stabilizing 
class Ha HDAC-MEF2 complexes, thus blocking MEF2 
target genes (15). Class Ha HDACs bind MEF2 transcription 
factors and repress MEF2 targets (11,38). The four vertebrate 
Mef2 genes are highly expressed in skeletal muscle and brain, 
but are also highly expressed in neural crest, bone, lympho- 
cytes, endothelium, and smooth muscle (39,40). Here, we 
show that Mef2A and Mef2D are expressed in the embryonic 
pancreas at levels in the same range as those observed in 
muscle and heart, and we detected MEF2A protein in endo- 
crine cells. Thus, during pancreatic endocrine cell develop- 
ment, the function of class Ha HDACs could depend on 
MEF2A and MEF2D. 

By treating pancreatic explants with MC1568, we de- 
termined the developmental step regulated by class Ha 
HDACs during endocrine differentiation. Whereas in our 
previous work, class I HDAC inhibitors induced Ngn3 
expression after 5 days of culture (14), here, MC1568 did 
not induce Ngn3 expression (data not shown). Impor- 
tantly, MCI 568 acted downstream of NGN3 and enhanced 
the expression of PAX4, a downstream target of NGN3. 
During development, both (3- and 8-cells originate from 
PAX4-expressing endocrine precursors (4). We demon- 
strate that MC1568 treatment activates Pax4 expression 
and gives rise to increased p- and 8-cell development. 
Future experiments will test whether a class Ha HDAC- 
MEF2 cooperation directly regulates Pax4 expression. In 
addition to MEF2, DACH2 and RUNX3 (41) are targets of 
class Ha HDACs and are expressed in pancreatic endo- 
crine cells (42,43). Future studies will define whether they 
represent HDAC targets in pancreatic (3-cells. 

Class Ha HDACs shuttle between the nucleus and the 
cytoplasm (7). Here, we observed HDAC4 and HDAC9 
immunoreactivity mainly in the cytoplasm and HDAC5 
both in the cytoplasm and the nucleus of endocrine cells. 
A cytoplasmic subcellular localization of class Ha HDACs 
was previously described in retina for HDAC4 and in cor- 
tical neurons for HDAC9 (25,27), and cytoplasmic functions 
of class Ha HDACs are now emerging (26,27,44). As an 
example, HDAC4, which is predominantly cytoplasmic in 
neurons, regulates the survival of retinal neurons at least 
partly by regulating the hypoxia-inducible factor la (HIFla) 
activity (27). Hifla was recently shown to be a crucial 
regulator of p-cell differentiation (45). However, because 
Hifla is expressed only during the early stages of devel- 
opment when class Ha HDACs are not yet detected, we 
exclude the possibility of a link between HIFla and class Ha 
HDACs during endocrine differentiation. Further investiga- 
tions will be necessary to study other putative cytoplasmic 
targets of class Ha HDACs in the differentiation of endo- 
crine (3- and 8-cells. 

Together, our data define a novel site of expression of 
class Ha HDACs and MEF2. They highlight a specific role 
of these HDACs in the regulation of the pancreatic endo- 
crine (3- and 8-cells. From a therapeutic perspective, 
screenings are currently being performed to identify small 
molecules that favor (3-cell differentiation from pancreatic 
progenitors (46). In this context, small molecules such as 
HDAC inhibitors are powerful tools to modulate cell dif- 
ferentiation programs. Thus, class Ha HDACs represent 
new targets to selectively enhance p- and 8-cell differen- 
tiation. Moreover, MC1568 could be used as a novel tool to 
generate (3-cells from embryonic stem cells for cell thera- 
pies in diabetes. 
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